Detecting selective electromyography (EMG) signals is important for minimizing errors in muscle information from crosstalk and delivering movement intension orders clearly. In this paper, we propose a circular-array EMG system for detecting the orientation of muscle fibers and recording maximal EMG amplitude. This system records six-channel bipolar EMG signals using a circular array grid consisting of twelve Au electrodes. We evaluate the performance of this system by hypothesizing that: (1) this system can detect the fiber orientation of forearm muscles (including flexor carpi radialis (FCR), extensor carpi radialis (ECR), pronator, and supinator) and record the maximal EMG amplitude; (2) it minimizes EMG amplitude error caused by twisting between the orientations of electrodes and muscles during complex movement from a body part with multi-degrees of freedom (DOF); the normalized root mean squares (Normalized RMS) were used to analyze the six-channel EMG signals to verify these three hypotheses. It was concluded that the circular array EMG system is superior to other systems in its acquisition of selective EMG signals. It could be a useful technique for improving the DOF in movement and obtaining accurate muscle information.
Introduction
Surface electromyography (sEMG) represents the high-frequency voltage oscillations that are associated with the size and frequency of motor unit action potentials within muscles, and it can quantify the relative activity of the muscle. It is applied in areas such as sports medicine, rehabilitation, and increasingly, in Human-Machine Interface (HMI), because these aspects of sEMG techniques enable us to obtain objective information about muscles non-invasively (Lamontago, 2001 , Fukuda et al., 1998 . However, sEMG with the application of a single pair of electrodes records signals over a muscle as a whole (bipolar EMG) without respect to accurate muscle depth and orientation, which results in some limitations when detecting high-quality EMG signals.
The anatomical construction of muscles varies, and it can be affected by musculoskeletal disorders such as forward head posture, scoliosis, and posture in general. Attaching a single pair of electrodes parallel to various muscle orientations without imaging devices that can show muscle construction is difficult. In addition, the complex movement of a body part with multi-degree of freedom (DOF) leads to twisting between orientations of electrodes and muscles. It can be caused when bipolar electrodes attached on the skin miss the area of a muscle due to differences between the orientations of electrodes and muscles, although a single pair of electrodes should be attached in parallel with the Yu Seon CHAE*, Kang Il SONG* , ***, Jong Woong PARK** and Inchan YOUN* muscle orientation. The orientation of bipolar electrodes relative to the muscle fibers is a non-physiological factor that can affect the surface EMG signal (Zuniga et al., 2010) . In the case of a multi-DOF body part, it can increase the effects of crosstalk and decrease muscle selectivity because numerous muscles and nerve tissues bond closely in a body part. As a result, it is difficult to deliver accurate muscle information and movement order intension clearly. Double differential configuration (DD) and Laplacian electrode configuration are new techniques for improving the accuracy of conventional EMG. These techniques have insufficient sensitivity, even though they can minimize the crosstalk that occurs from surrounding muscles (Extrada et al., 2013 , Guerrero et al., 2016 , Mesin et al., 2009 . High density surface EMG systems (HDsEMG) that closely arrange a large number of electrodes in a matrix have been studied for a variety of areas such as diagnostic tools, HMI, etc. (Lapaki et al, 2004 , Drost et al., 2006 , Ferreira et al., 2008 . However, this system is inadequate for clinical applications because it takes a relatively long time to analyze and process time due to the high number of channels. Huang et al. (2008) developed an electrode selection algorithm with HDsEMG for the sub-optimal selection of a reduced number of electrodes for the targeted muscle reinnervation. They mentioned their inability to capture sufficient information content for the high classification accuracy of user movement intention when using a small number of electrodes, but it is important to place electrodes carefully for increased classification accuracy. HDsEMG involved many unnecessary electrodes when measuring EMG signals in selective muscles and in the local areas of body parts.
In this paper, we describe the design and performance of a circular EMG system for detecting selective EMG signals and we verified two hypotheses: (1) this system can detect the fiber orientation of forearm muscles (including flexor carpi radialis (FCR), extensor carpi radialis (ECR), pronator, and supinator) and record maximal EMG amplitude; (2) it is minimized that errors in the EMG amplitude were caused by twisting between orientations of electrodes and muscles during complex movements in body parts with multi-DOF.
Materials and methods

Circular array EMG system
A circular EMG system consists of a circular array grid and a multi-channel EMG system. This system obtains maximal EMG signals identical to the muscle orientation to measure muscle signals in several directions. A circular array grid acquires muscle signals using twelve Au electrodes arranged in circular pattern at 30° intervals (Fig. 1) . The grid's electrodes have the shape of a solid circle with 3 mm diameter. The inter-electrode distance (IED) between opposite electrodes is 16 mm center to center. The electrode size and IED were chosen on the basis of the surface electromyography for non-invasive assessment of muscles (SENIAM) recommendation, as well as the relationship between the number of available recording channels and the required size of the recording area (Stegman and Hermens, 1998) . Chae, Song, Park and Youn, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse. Attaching these on the skin, which has curvature, this grid was manufactured using a flexible printed circuit board (FPCB).
The amplitude of EMG signal acquired from the electrodes was in the range 0.5-50 mV, and it included noise such as movement artifacts, cable motion artifacts, and base line noise that is detected whenever a sensor is attached to the skin. All EMG signals obtained from the circular array grid are input to the multi-channel EMG system that consists of the pre-amplifier and external amplifier to amplify and filter these signals from the noise (Fig. 2) . Table 1 presents the specification of the pre-amplifier and external amplifier.
Experiments
Seven subjects (three males and four females, mean ± standard deviation; age: 25.0 ± 1.0 years, height 167.6 ± 9.2 cm, weight 61.0 ± 15.7 kg) who were free of musculoskeletal disorders and medical records related to musculoskeletal disorders participated in the measurements. The study was approved by the Korea Institute of Science and Technology (KIST) Institutional Review Board for Human Subjects. All subjects were right-hand dominant, and dominant shoulders were tested for all subjects.
EMG signals were recorded for the forearm muscles using a circular array grid of twelve electrodes arranged in a circle. The circular array grid was attached to the skin over the targeted muscle belly with an adhesive conductive electrode gel (Tensive, Laboratories Inc.) to minimize skin-electrode impedance. The grid was placed parallel with the orientation of subject's extended hand to detect muscle directions. The following forearm muscles in each subject were Table 2 Angles of channels in accordance with measurement orientation based on the direction of forearm.
Chae, Song, Park and Youn, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse. tested: Flexor carpi radialis (FCR), Extensor carpi radialis (ECR), Pronator, and Supinator. A reference electrode was placed at the wrist of the right arm. We used a disposable surface electrode (3M Healthcare, St. Paul, MN) as a reference electrode. Six channels, each of which was composed of two electrodes that face each other, were detected in bipolar configuration (IED 16 mm center to center) (Fig. 3) . Table 2 shows a set of channels in accordance with the measurement orientation. The direction in which the hand was extended was set to channel 1 (0°) and other channels were placed at the left side (-) and at the right side (+). A multi-channel EMG system that provided 15-500 Hz bandwidth and a gain of 2500 was used. The EMG signals of six channels collected at a 2 kHz sampling frequency using A/D card (NI USB-6218, National Instruments) with 16-bit resolution and were stored on a PC using Matlab Simulink.
Each subject was seated comfortably at a desk with their elbow flexed at 90°. We divided the two sections of single movements and complex movements to verify the performance of the circular EMG system through two hypotheses, as listed in Table 3 . Single movements were selected in accordance with functions of four forearm muscles (FCR, ECR, supinator, and pronator). During wrist flexion and extension, the forearm was maintained in the mid-prone position. The wrist was also maintained in the mid-prone position during forearm pronation and supination. Complex FCR and ECR movements were performed for the verification of the circular array system when twisting between the orientations of the skin and electrodes. We compared contractions in states between forearm supination and pronation. Forearm supination and pronation were chosen for observing a change of muscle orientation measurably. All movement was conducted via isotonic contraction. Subjects were asked to maintain contractions for 4 s duration and were provided feedback by a metronome and a researcher.
Surface EMG signals were digitally filtered with a 60 Hz band reject filter to eliminate power noise. Among the 4 s duration of contractions, 2 s was analyzed by removing the first 1 s and the last 1 s. The root mean squares (RMS) in each data segment were used to compare amplitudes between six channels. The RMS can be calculated by Eq. (1): (1) Where is the length of the data segment and ( ) represents the data in a segment. We normalized the RMS values via Eq. (2) to quantify between subjects:
(2) Data analysis was performed by programs in Matlab (The Mathworks, Natick, MA). We compared the normalized RMS of the channel that presents the maximal EMG amplitude and the channel that was perpendicular to the muscle orientation by using analysis of variance (ANOVA) to evaluate the performance of muscle orientation detection. The significance was set to p<0.05 and ost hoc comparison was made using tukey tests. We used Origin Pro software (ver. 8.6) for statistical analysis. 
Results & Discussion
Assessment of muscle orientation detection and maximal EMG activity acquisition
Prior to extracting our results, we selected two channels of the circular array system that were predicted to parallel muscle orientation from ultrasound imaging (Fig. 4) . We compared the performance of the circular array EMG system with the detection of muscle orientation using ultrasound. The normalized RMS of the six EMG channels acquired from four forearm muscles are shown in Fig. 5 . This plot shows that the nearer the channel to the muscle orientation, the larger the amplitude that can be obtained, because the circular array EMG system measures EMG signals in a bipolar manner. The results of all subjects included high standard deviation, because subjects have different orientations and muscle sizes. However, the channel that has the maximal normalized RMS among the six channels of circular array EMG system is identical to the predicted channel at all of forearm muscles (Table 4) ; this means that a channel that has a maximal EMG amplitude indicates the targeted muscle orientation.
We compared a normalized RMS of maximal value with a perpendicular channel to muscle orientation via statistical analysis to evaluate the performance of the circular array EMG system. The EMG activity measured from the FCR, ECR, and pronator, unlike for the supinator, significantly differed between the two channels (Fig. 5) . We confirmed that the amplitude of the EMG signal can change depending on the placement of surface electrodes. Among the four forearm muscles that we used in the test, the pronator and supinator are placed deep in the forearm. We plotted the EMG signal of the channel that has the maximal EMG amplitude (Fig. 6 ). It shows that the EMG signals of the 
Fig. 4 Ultrasound imaging (a) FCR and pronator (b) ECR (c) supinator
Chae, Song, Park and Youn, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse. pronator and supinator were lower than those of the FCR and ECR. The supinator had the lowest EMG amplitude and there was no significant difference between the normalized EMG RMS of the parallel channel and perpendicular channel with muscle orientation.
The experiment results are encouraging, as they showed that the developed circular array EMG system has the capability to detect muscle orientation without imaging devices such as MRIs and ultrasounds. However, we confirmed the limitations of the circular array system regarding electrode size and IED when an EMG signal is recorded from a deep muscle. Bipolar electrode size and IED are important for deciding the measurement range of a muscle (Hermens et al, 2000) . The developed system acquires EMG signals in bipolar and the electrodes of a circular array grid are insufficient for measuring the EMG activity of deep muscles. Although the EMG activity was not significantly large in deep muscle, it can detect the orientation of the supinator. This system can be applied in a variety of study areas if the properties of the electrodes in a circular array grid change in accordance with the targeted muscles in further study.
Assessment of the performance of a circular array system in the complex movement
The EMG data of seven subjects in FCR and six subjects in ECR were used in the complex movement. Fig. 7 represents a movement of muscle orientation regarding the electrode direction as showing a change of channel which have a maximal amplitude EMG during contractions of FCR and ECR between in states of forearm supination and pronation. In this plot, a channel that has maximal EMG amplitude during contraction with the forearm supination (SupFlx, SupExt) was set to 0° (muscle orientation) on the x-axis. The other channels were set to -30°, -60°, -90° on the left side and +30°, +60°, +90° on the right side of the 0° base channel. The channels in ProFlx and in ProExt are assigned to angles in accordance with the arrangement of channels in SupFlx and in SupExt. We compared these with the single channel bipolar EMG (Table 5 , 6) to evaluate the performance of the circular array EMG system. The single channel bipolar EMG was considered identical to the normalized EMG RMS of muscle orientation (0°) in forearm supination.
Among seven subjects, two subjects represented a change of channel which has maximal normalized EMG RMS from the FCR in Table 5 . The channel of the maximal EMG of these two subjects moved to the (+) direction, which Table 4 Comparison the channels of the muscle orientation between ultrasound and circular array EMG system numbers. Chae, Song, Park and Youn, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse.16-00594]
(a) (b) means that the FCR moved in the right direction against the orientation of the electrodes by twisting between the skin and grid when the muscle contracted with forearm pronation. In the case of ECR, four among the six subjects represented a change of channel that had maximal normalized EMG RMS. The channel of maximal EMG for these four subjects moved in the (-) direction and it indicated that the ECR moved to the left against the orientation of electrodes by twisting between the skin and grid when the muscle contracted with forearm pronation. From these results, we confirmed that the ECR is more affected by forearm rotation than the FCR, although the six-channel EMG activity pattern was different. The developed system can detect larger EMG activity than a single channel bipolar EMG for subjects who have a change of channel that has maximal EMG activity. We calculated a gap of normalized RMS between single channel Chae, Song, Park and Youn, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse. bipolar EMG and the developed system for representing a difference between two systems quantitatively in Table 5 and Table 6 . It represented that the maximum difference value was 3.4% in the FCR and 10% in the ECR. This result proved that the circular EMG system has better quality than single channel bipolar electrodes during complex movement. Thus, it is confirmed that the developed system can acquire maximal EMG signal through increased muscle selectivity. From our study, we expect that the capabilities of circular array EMG systems can be broaden to include a range of movements in a study of multi-DOF body parts.
Conclusion
We proposed a circular array EMG system for selective EMG acquisition. We proved two hypotheses using four forearm muscles to evaluate the performance of the developed system. The results from this study confirm that the system has a high capability to detect muscle orientation and maximal EMG signal. We expect that this system can be applied to an algorithm for detecting muscle orientation in real time during a subject's movements in further study. This technique will broaden the range of human movement classification compared to other EMG systems in study fields such as HCI, HMI, u-health, and sports engineering.
